Hydrophobic dialdehyde starch (HDAS) was synthesized by dialdehyde starch (DAS) and eighteen-alkyl primary amine as the raw material in DMSO. The effect of the reaction conditions on the yield of HDAS was investigated such as catalyst content, reaction temperature, reaction time, and the in-feed molar ratio of -CHO/-NH 2 . Moreover, the optimized test parameters were obtained by conducting orthogonal experiment. The molecular structure and the morphology of HDAS were characterized via Fourier transform infrared spectroscopy (FTIR) and scanning electron microscope (SEM). And the thermal stability and the hydrophobic properties of HDAS were investigated by thermal gravimetric analyzer (TG) and the hydrophobic testing. The results indicate that the yield of HDAS is the highest up to 44.21%, with feed composition 1 : 0.9, reaction temperature 40 ∘ C, reaction time 8 h, and acetic acid content 3%. And the introduction of the long-chain alkyl groups into the DAS backbones will ameliorate efficaciously the thermal stability and the hydrophobic properties of DAS, which almost has no effect on the DAS particle size.
Introduction
As a renewable resource, starch is considered to be fully biodegradable and nonpolluting to the environment. However, due to many hydroxyl groups on starch molecule, the strong intermolecular hydrogen bonding results in the fact that glass transition temperature is higher than the decomposition temperature, which is adverse for starch processability. Nevertheless, a large number of reactive hydroxyl groups in the molecular chains could provide a structural basis for the modification of starch. Various modification methods such as physically [1, 2] , chemically [3, 4] , or enzymatically [5] [6] [7] treating native starch with various reagents have been successfully used to overcome shortcomings and improve the inadequacy of starch. For example, among chemical modification methods, esterification and etherification have been reported to improve the thermal stability of starch [8, 9] . Oxidation is another chemical method for modifying starch and dialdehyde starch (DAS) is a very typical representative of the oxidized starches [10] .
DAS has received much attention in recent decades because of its excellent physical, chemical, and biochemical properties. Since there is a great deal of reactive aldehyde group in the DAS molecular chains, DAS has been developed and widely used in many industries such as paper, textile, building materials, leather, medicine, and health. Nevertheless, the thermal stability of DAS is still a focusing point concerned in product processing [11] . Moreover, the decomposition temperature of DAS drops due to the poor thermal stability of the aldehyde group. It has been reported that dialdehyde yam starch has poor stability as compared to native starch when the content of the aldehyde groups is increased [12] . A recent study has also suggested that thermal stability of dialdehyde sweet potato starch will decrease when the aldehyde content was increased from 20% to 95% [13] . Therefore, knowing how to further improve the thermal stability of DAS is deserving of research. In the present study, our efforts involve attempting to improve the properties of DAS. Long-chain alkyl groups were introduced into the DAS backbones. Both the thermal stability and the hydrophobic 
Experimental
2.1. Material. DAS was purchased from Jinshan Modified Starch Co., Ltd (Shandong, China) and the content of aldehyde group (-CHO) in DAS was ascertained by the titration method as 23.1 wt%. Eighteen-alkyl primary amine was obtained from Jiayu Chemical Group (Shandong, China). Acetic acid (analytically pure) was supplied by Chongqing Chemical Reagent Factory (Chongqing, China). Dimethyl Sulfoxide (DMSO, analytically pure) and absolute ethyl alcohol (EA, analytically pure) were obtained from Kelong Chemical Co., Ltd (Chengdu, China).
Preparation of Hydrophobic Dialdehyde Starch (HDAS).
HDAS was synthesized using eighteen-alkyl primary amine as the alkylating agent. A typical procedure was as follows: 3.00 g of DAS (bone dry) was added into a 100 mL flask with 25 mL DMSO and purged three times with dry nitrogen. Then, the flask was put into a preheated oil bath (T = 80 ∘ C) for about 30 min to obtain a homogenous melt system with strong stirring. And then, the mixture of eighteenalkyl primary amine (5.79 g) and acetic acid (3 wt%) that was dissolved into 5 mL DMSO was syringed under nitrogen at 70 ∘ C and the reaction was allowed to proceed at the same temperature for 8 h defined as a reaction time. After quickly cooling to room temperature, the crude resultants were precipitated and washed three times by anhydrous ethyl alcohol. Then, the deposits were extracted with anhydrous ethyl alcohol in a Soxhlet apparatus for 48 h to remove impurities. Finally, the products were dried at 60 ∘ C in vacuum to constant weight. Yield was calculated as follows:
where 1 is the mass of dry DAS; 2 is the mass of eighteenalkyl primary amine; is the mass of the target products.
Characterization.
Fourier transform infrared spectra (FTIR) of all samples after drying in a vacuum oven at 60 ∘ C for 48 h were carried out by a FTIR spectrometer (Thermo Fisher Corp., Nicollet 6670, USA), using infrared attenuated total reflection (IRATR) and operating in the wavenumber range 4,000-500 cm −1 with 4 cm −1 resolution and 32 scanning times.
The morphology of the selective specimen was evaluated by a scanning electron microscope (SEM) (Philips XL-3, FEI, Oregon, USA). The SEM images were obtained after the sputter coating of gold particles about a thickness of 10 nm at an accelerating voltage of 20 kV with a lanthanum hexaboride (LaB 6 ) crystal as electron emitter.
The thermal stability of the products was performed by a NETZSCH device TG 209 F1 at a heating rate of 10
under nitrogen atmosphere from 40 ∘ C to 600 ∘ C.
Hydrophobic Testing of DAS and HDAS.
A typical procedure to investigate hydrophobicity of samples was as follows [14] : firstly, the selective sample (bone dry) with a certain weight defined as 0 was put into a vial. Then, the deionized water was added into the system and was sonicated at 50 ∘ C for 30 min to obtain the certain concentration of the resulting mixture (30 mg/mL). After a systematic testing time, the suspension was precipitated and the deposits were dried at 60 ∘ C in vacuum to constant weight. Finally, the sample was weighted with the analytical balance, defined as . Weight loss ( ) was calculated as follows:
Results and Discussion

Analysis of the Reactivity for Preparing HDAS.
For the sake of investigating the effect of reaction conditions on the yield of HDAS such as acetic acid content, reaction temperature, reaction time, and the in-feed molar ratio of -CHO/-NH 2 , a trial of the products was synthesized. And then, the optimal conditions were obtained through orthogonal experiment. The detailed reaction conditions were exhibited in Figure 1 and the results of orthogonal experiment were summarized in Table 1 . Figure 1 (a) showed the variations of yields of the products as a function of the different amount of acetic acid, which was carried out in which the molar ratio of -CHO/-NH 2 was fixed at 1 : 0.5, the reaction temperature was 50 ∘ C, and the reaction time was 4 h. From the plots, we found that yields of HDAS almost progressively increased with the increment of catalyst in the range from 1 wt% to 3 wt% (based on DAS). It indicated that the nucleophilic addition of -CHO of the DAS backbone took place more easily within this content range, owing to the rapid augment of the propagating centers. When it was beyond 3 wt%, yields of the products were almost invariant. This indicated that the excessive amount of acetic acid was not beneficial for introduction of the long-chain alkyl amine onto the DAS backbone. Figure 1 (b) depicted the changing behaviors of yields of HDAS with a lapse of reaction time at the fixed molar ratio of -CHO/-NH 2 , catalyst, and reaction temperature (-CHO/-NH 2 : 1 : 0.5, acetic acid: 3 wt%, and reaction temperature: 50 ∘ C). We can see clearly that at the earlier stage of the reaction, the yields of the target products increased monotonically within 4-8 h. This phenomenon meant that the active aldehyde groups of the DAS backbone can play a role as the propagating centers to initiate the reaction easily. However, the yields of the products decreased rapidly when 120 min elapsed, and then it gradually decreased while the reaction time was further increased. The results indicated that, in the latter period of the reaction, the prolongation of reaction time made the decomposition reaction of the products easier. was helpful to enhance the reaction rate until the reaction converged to equilibrium with the gradual consumption of aldehyde groups of the DAS backbone. However, when the reaction temperature was too high to break the equilibrium, the thermal depolymerization of the products took place more easily. Figure 1(d) shows the changing behaviors of yields of HDAS with the variation of the in-feed molar ratio of -CHO/-NH 2 (acetic acid: 3 wt%, reaction time: 4 h, and reaction temperature: 40 ∘ C). From the plots, we found that yields of HDAS almost increased in proportion to the amount of PDO monomer in-feed in the range from 1 : 0.5 to 1 : 0.9. And the highest value of 38.8% was reached at the molar ratio of 1 : 0.9; however, the yield declined when the molar ratio of -CHO/-NH 2 was 1 : 0.9. It could be said that the increase of reactant concentration was propitious to improve the reaction rate. However, with the gradual consumption of aldehyde groups of the DAS backbone, the excessive amount of the long-chain alkyl amine would not complete the nucleophilic addition with the residual aldehyde groups of the DAS backbone.
Based on the above experiments, the method of orthogonal test was further used to optimize the preparation process of HDAS. It is well known that orthogonal test is a highefficiency method for designing the experiment, which is used to investigate the multifactor, multilevel experiment. And the optimum conditions can be obtained through selecting the representative sample from a comprehensive test based on the orthogonality. The results of orthogonal test were depicted in Table 1 , where K1, K2, and K3 represented the mean values of the HDAS yields in different factors and different levels. R expressed the difference value between maximum and minimum values of K1, K2, and K3. From the data, we can find that the optimum reaction conditions for preparing HDAS were the in-feed molar ratio of -CHO/-NH 2 of 1 : 0.9, reaction temperature of 40 ∘ C, reaction time of 8 h, and the acetic acid content of 3 wt%, respectively. So, in this paper, the impact level of these four factors was as follows: reaction temperature > reaction time > the in-feed molar ratio of -CHO/-NH 2 > the acetic acid content.
Chemical Structures of HDAS.
The preparation of HDAS was performed using a nucleophilic addition reaction between the aldehyde groups and the amino groups [15] . The synthesis process was exhibited in Scheme 1. When the aldehyde groups react with primary amine in the existence of acetic acid, the oxygen of the aldehyde groups is first protonated to become the oxonium ions by the acetic acid, and then these react with the nitrogen atoms of the amino groups in primary amine by the nucleophilic addition. Finally, the reactants complete the dehydration to obtain the target products. Figure 2 depicted the FTIR spectra of DAS and HDAS. It can be seen that there were characteristic peaks belonging to the DAS backbones [4, 16] . The broad peak around 3400 cm
was assigned to the -OH stretching vibration. And the peak at 1712 cm −1 was ascribed to the characteristic stretching vibration of C=O in DAS backbones. In addition, the strong peak at 1630 cm −1 can be attributed to the -OH bending vibration due to the existence of the water molecular [17] . After the introduction of the long-chain alkyl groups, we can see that the absorption band at 1712 cm −1 vanished in the curve of HDAS. And one may not be able to differentiate between the absorption bands at 1630 cm −1 due to -OH and C=N, because their absorptions peaks may overlap. Besides, the strong peaks around 2920 cm −1 and 2840 cm −1 were assigned to the characteristic -CH 2 -and -CH 3 stretching vibration, respectively. The peak at 1460 cm −1 was ascribed to the -CH 2 -bending vibration. And the peak at 1100 cm −1 was attached to the C-O stretching vibration, originating from the starch backbone. These results mean that the nucleophilic addition reaction was performed successfully.
Morphology of HDAS.
The morphology of HDAS was investigated by scanning electron microscopy and is exhibited in Figure 3 . The DAS sample was chosen for analysis of the morphological variations of HDAS after modifying. From the SEM photos, we can see clearly that most DAS particles were irregular sphere and about 10 m in diameter (seen in Figure 3(a) ). And the surface of DAS particles (Figure 3(b) ) was relatively smooth; at the same time the phase interface was distinct between these particles. As far as the HDAS particle was concerned (Figures 3(c) and 3(d) ), HDAS particles retained their spherical shapes, whose particle size was nearly the same as those of DAS, originating from the DAS substrate. However, from Figure 3 surface of HDAS was irregular and rough, coated by a large amount of flaky materials. In this paper, it can be said that the long-chain alkyl groups were introduced successively into the DAS backbones.
Thermal Stability of HDAS.
The thermal stability of DAS and HDAS was examined by thermogravimetry (TG) in N 2 atmosphere at a heating rate of 10 ∘ C/min, and the TGA and DTG curves of the selective samples were shown in Figure 4 . Obviously, it can be observed that both DAS and HDAS almost exhibited three decomposition ranges. One decomposition range was found where the maximal decomposition temperature was around 100 ∘ C, which belonged to the weight loss of water in samples in their TG curves (seen in Figure 4 (a)) [18, 19] . It was distinct that compared with that of DAS, this decomposition range of HDAS was ameliorated for the introduction of the hydrophobic longchain alkyl groups in the DAS backbone. And the next decomposition range can be seen at around 200 ∘ C in the DAS TG curve. It was interesting that DAS rapidly reached its maximum weight-loss rate (−11.4%/min) and completed the last decomposition range at around 300 ∘ C after finishing the second decomposition range (seen in Figure 4(b) ). It could be said that the strong hydrogen-bond interaction in starch backbones was destroyed by the oxidation in the preparing process of DAS. So, the DAS backbones became weak to easily decompose with the increase of decomposition temperature. However, in contrast with that of DAS, the TG curve of HDAS got placid and attained its maximum weight-loss rate of 7.1%/min with the increment of decomposition temperature at around 300 ∘ C. It meant that due to the introduction of the long-chain alkyl groups onto DAS backbones, the thermal stability of DAS was further improved, which caused some DAS to degrade after 400 ∘ C.
Hydrophobic Properties of HDAS.
Contact angle measurements have been used to investigate the relative hydrophilicity or hydrophobicity of materials [20] . Before the contact angle measurements, both DAS and HDAS powder samples were pressed to be a round disc. The measurements of contact angle of water on the selective discs were performed by a sessile drop method (exhibited in Figure 5 ) [21] . Although the water contact angle of DAS was almost investigated, the corresponding angle of HDAS was ∼70 ∘ . In this paper, it means that the introduction of the long-chain alkyl groups could give a hydrophobic character of DAS. Figure 6 demonstrated the hydrophobic testing of DAS and HDAS. From the plots, one can find that the weight loss of DAS and HDAS increased monotonously with the increase of testing time. And when the testing time was 3 days, the weight loss of the selective samples all reached the maximum of 68.9% and 37.5% for DAS and HDAS, respectively. The weight-loss values were almost invariant after 3 days for DAS and HDAS. This indicates that the introduction of the long-chain alkyl groups onto DAS backbone can obviously improve the hydrophobicity of DAS. In this work, it can be plausible that for the existence of abundant hydroxyl groups in DAS backbones, there is strong hydrogen-bond interaction between hydroxyl groups and water molecules, leading to improving the solubility of DAS in water. Nevertheless, when the long-chain alkyl groups are introduced onto DAS backbones, these hydrophobic groups impair the hydrogen bonding between hydroxyl groups and water molecules. Thus, the weight loss of HDAS is lower than that of DAS in the hydrophobic testing.
Conclusions
HDAS could be successfully prepared by the nucleophilic addition reaction between DAS and eighteen-alkyl primary amine. Within an appropriate range of conditions, such as catalyst content, reaction temperature, reaction time, and the in-feed molar ratio of -CHO/-NH 2 , these conditions could all promote the yield of HDAS. The optimum conditions were as follows: the in-feed molar ratio of -CHO/-NH 2 of 1 : 0.9, reaction temperature of 40 ∘ C, reaction time of 8 h, and acetic acid content of 3 wt%, respectively. The yield of HDAS prepared under the above conditions had maximum of 44.2%.
HDAS prepared under the above conditions almost retained the same particle size just like that of DAS substrate, but its surface became rough. And the introduction of the long-chain alkyl groups into the backbones of DAS could improve the thermal stability of DAS, which caused some DAS to degrade after 400 ∘ C. The results of the hydrophobic testing indicated that the long-chain alkyl groups can obviously ameliorate the hydrophobicity of HDAS after the nucleophilic addition reaction, twice as much as the original DAS. 
